Abstract: We design a 1053 nm Yb 3+ -doped random fiber laser (YRFL) based on the combination of Yb 3+ -doped fiber (YDF) and single mode fiber (SMF), in which the YDF provides active gain, while SMF offers random distributed feedback. The numerical model is established based on the rate equation of Yb 3+ -doped laser, and it is modified and developed to calculate the power performance of YRFL. The numerical results show that the YDF's length and the pumping scheme could influence the laser power performance. Then, the forward and backward pumped YRFL both with 9.5 m YDF and 2 km SMF are experimentally demonstrated whose threshold powers are 1 and 1.1 W, respectively. The obtained optical slope efficiencies are 45.2% and 40.9% for these two cases. The experimental results agree with the calculated results well. This work gives a general study on active gain based random fiber lasers, which can enrich the operation wavelength range of random fiber laser and may broaden its application fields to high energy large-scale laser facilities.
Introduction
Random lasers utilize multiple scattering which is produced in disordered media and amplified by suitable gain method to generate modeless light without well-defined cavity [1] . Because of the different cavity structure and lasing principle from the conventional lasers, random lasing possesses unique characteristics and has attracted much attention in recent decades [2] , [3] . In 2010, it was reported that a new type of random fiber laser (RFL) generated in a 1-D waveguide [4] differed from the previous 3-D bulk media. Since then, RFLs have obtained huge research interests and have been focused on narrow line-width [5] , [6] , polarized output [7] , [8] , pulsed output [9] - [12] , and fiber sensing [13] , [14] . RFLs with different pump methods present various output performances [15] - [18] . Forward pumped RFL reported in [16] has a nonlinear input-output dependence while the backward pumped RFL reported in [17] and [18] shows a linear input-output dependence. However, most of the reported RFLs are based on stimulated Raman scattering as gain process and they operate around 1.5 μm and 1.1 μm due to lacking of suitable pump. To broaden the operation wavelength, multi-wavelength, and cascaded [18] - [22] generation are both effective methods. Also, substitution of pump and gain media is a feasible access [19] , [23] .
It is well known that Yb 3+ -doped fiber (YDF) is a powerful tool to construct high power fiber laser and high power amplifier. They are essential for material processing and defense systems [24] , [25] . However, due to the energy level of Yb 3+ , the central wavelength of Yb 3+ -doped fiber laser locates within 1.03 μm to 1.09 μm to ensure sufficient emission efficiency. In fact, Du et al. demonstrated a tunable random distributed feedback fiber laser operating at 1 μm via 5 m YDF which provided active gain and 1 km passive fiber which produced distributed Rayleigh scattering [23] . It indicated the Yb 3+ -doped random fiber laser (YRFL) accessible and covered large wavelength range around 1 μm. However, it focused on the backward pump RFL, and it lacks general studies on this type of RFL. Therefore, it remains much space to comprehensively explore the characteristics of YRFL.
In this work, we comprehensively investigate the distributed feedback random fiber laser centers at 1053 nm which is the operation wavelength used in large scale laser facility. We demonstrate YRFL based on forward and backward pump methods. The numerical model is established to calculate the power behaviors of YRFL and the active fiber length is optimized. The proposed YRFL based on the forward and backward pumping schemes are experimentally demonstrated, the thresholds are 1.0 W and 1.1 W, and the optical slope efficiency are 45.2% and 40.9%, respectively. Moreover, the calculated results coincide with the experimental results well. Both theoretical and experimental results suggest the advantages of forward pump YRFL comparing to the alternative. Fig. 1 shows the schematic setups for our designed YRFL. Fig. 1(a) indicates the backward-pump YRFL while Fig. 1(b) illustrates the forward-pump YRFL. Both the two designs mainly consist of a multimode LD pump, PPF, FBG, combiner ((2 + 1) × 1), and two sections of fibers. The LD pump operates at 976 nm. The pump light is injected into the fiber through the PPF and combiner. In the case of backward pump a section of Yb 3+ -doped fiber (Nufern LMA-YDF-10/130) whose absorption coefficient ranges at 3.9 dB/m @976 nm is spliced to the combined port of the combiner. While a section of standard single mode fiber (SMF, Corning SMF 28e+) which provides sufficient random distributed feedback (RDFB) via Rayleigh scattering is spliced to the signal port of the combiner. An FBG whose Bragg center-wavelength is 1053 nm locates at the end of the Yb 3+ -doped fiber, and it forms a half-open cavity with the SMF for random fiber laser. 99% port of the optical coupler which locates at the end of the SMF acts as the power output of the laser, while the 1% port plays as a monitor port for generated optical spectrum. As a comparison, the difference between the two designs is the locations of the SMF and FBG. Within the forward pump design, the 1053 nm FBG is spliced to the signal port of the combiner which means the FBG and the pump lie in the same side. The SMF is arranged after the Yb 3+ -doped fiber. The left installations (output and monitor port) coincide with the backward pump design. All the end faces are angle-cleaved to avoid Fresnel reflection.
Laser Design and Experiment Setup

Analytical Model
To optimize the performance of the lasers by adjusting the length of YDF (the length of SMF is fixed on 2 km, which can not only provide sufficient feedback but also reduce the attenuation loss), an numerical model is modified to numerically investigate the YRFLs' power characteristics. The YRFLs include double-cladding Yb 3+ -doped fiber and SMF and they are jointed via the combiner or spliced together directly. It is reasonable to investigate the dynamic characteristics by considering the independent effects during the two pieces of fibers separately only if taking the boundary conditions into account. In detail, it is referred to the steady rate equations of cladding-pumped Yb 3+ -doped fiber amplifier and lasers [26] during the Yb 3+ -doped fiber. Though the Rayleigh scattering process for pump is absent due to the cladding-pumped method, it must be taken into account for signal light. When the signal light propagates in the SMF, our model only considers the influences from Rayleigh scattering and attenuation which means the SMF only plays as random distributed feedback component. The power behaviors of the YRFLs can be calculated through the following set
where the variables are defined in Table I for our used fibers. Actually, the subscript 'p' and 's' represents for pump and signal. The superscript '±' stands for propagation directions. The value N is mainly dependent on absorption coefficient (3.9 dB/m used in our experiment). The attenuation is different between Yb 3+ -doped fiber and SMF. αs is 0.004/m in active fiber and 0.9 dB/km in SMF. The pump attenuation αp is 0.006/m in active fiber and 1.2 dB/km in SMF. All the attenuation coefficients are valued by the proportion of λ -4 . The core area A is 9.5 × 10 -11 m -2 considering the practical core diameter though the typical value is 10 × 10 -11 m -2 according to the vender. In addition, it is reasonable for absorption and emission cross section to referring to the silicate fiber [26] . Besides, we need boundary conditions to solve the equations, and they are shown as
where L is the total length of two sections of fiber, R 1 and R 2 represent reflection of the right and left fiber end. Pin stands for injection power. Within backward pump design, R 1 is nearly 0 and R 2 is the reflection coefficient of the FBG and is set as 0.8 according to the data sheet. While when we calculate the forward pump model, the R 1 and R 2 are exchanged. Moreover, the loss between the active fiber and SMF is negligible because the two types fiber own closed core area. Then we simulate the power behaviors of the two designed random Yb 3+ -doped fiber lasers by solving the above analytical equations. Figs. 2 and 3 show us the calculated input-output curves with different YDF length for backward and forward pump designs. As for the backward pump YRFL, the length of the YDF (3-15 m range) barely affects the threshold. When the fiber length is below 9 m, the output power and optical conversion vary largely with the fiber length. When the fiber length exceeds 12 m, the output performance remains relative stable. As for forward pump YRFL, when the YDF is relative short (3 m), the threshold is relative high and the output power and optical conversion are lack of advantages. When the length of YDF is relative long (6-15 m), the thresholds hardly change. Moreover, the active fiber is longer, the amplified spontaneous emission (ASE) is heavier. Finally we choose 9 m YDF as optimum according to the synthetically performance (threshold, output power and optical conversion). 
Experimental Results and Discussions
We demonstrate the experiment based on the schematic setup presented in Fig. 1 . The length of YDF is practically 9.5 m and the SMF is ∼2 km. First, the optical spectra are measured and recorded from the 1% port of the optical coupler and they are plotted in Figs. 4 and 5. Fig. 4 shows us the optical spectra under various pump powers with backward pump and Fig. 4(a) illustrates the magnified wavelength range while Fig. 4(b) holds large wavelength scale. From Fig. 4(a) , we can observe the spectrum evolution clearly. When the pump power is 1 W which is below the lasing threshold, the measured spectrum actually reflects the FBG reflection spectrum. With the pump power increasing, the lasing spectrum is generated. However, one thing should be noticed that the lasing spectrum is unstable and cluttered when the pump power is slightly beyond the lasing threshold. We think the mechanism behind this phenomenon is different from the spectrum evolution reported in [2] , and it can be expressed as insufficient pump which is produced by the low pump power and long active fiber, leaving a large number of un-pumped ions along the fiber. When the pump power is well beyond the lasing threshold, the lasing spectrum is smooth and stable. Nevertheless, the 3 dB bandwidth is 0.44 nm, which is much narrower than the reflection bandwidth of the FBG and the central wavelength of the lasing spectrum is at 1054.05 nm.
From Fig. 4(b) , we can see the lasing spectrum and ASE spectrum covers from nearly 1050 nm to 1110 nm. However, it is obvious that the lasing power is dominated in the generated spectrum. Moreover, the optical signal-to-noise ratio (OSNR) is measured around 51.4 dB when the pump power is 4.3 W. Fig. 5 illustrates the dependence of optical spectrum on pump power with forward pump. Obviously, there is no significant difference between Figs. 4(a) and 5(a) , which means the spectrum evolution process with forward pump is similar to the alternative with backward pump. When the pump power is 4.64 W, the 3 dB bandwidth of the spectrum is 0.48 nm, and the central wavelength is at 1053.93 nm.
As for the suppression of ASE, the forward pump obtains similar signal-to-ASE ratio according to the measured OSNR (51.4 dB and 52.3 dB for backward and forward pump, respectively). Furthermore, forward pump YRFL shows superiority in some extent according to the calculated power behaviors. The output dependence on the pump power shown in Fig. 6 also approves this point. The output power is recorded from the 99% port of the coupler. The lasing threshold for the pumping power of backward pump YRFL is 1.1 W according to Fig. 6(a) , while the other one is 1 W according to Fig. 6(b) . The maximum obtained output power is 1.49 W (backward pump) and 1.76 W (forward pump) both under the identical pump power 4.6 W which means the optical conversions are 32% and 38%, respectively. Moreover, the two designed YRFLs both have linearly output (slope efficiencies are 45.2% and 40.9% for forward and backward pump cases) dependence on the input power which is different from the previous pure SMF random fiber lasers [16] . This is due to the active gain rather than the passive nonlinear gain. It is necessary to point out that all the measured results agree with the calculated results well.
One thing should be obtained more discussions. The reasons which result in performance differences between the two schemes are related to the location of FBG and the functional attenuation during the active fiber. Obviously, backward pump scheme is able to contain more signal power in the fiber cavity because the FBG counter reflects signal light to the pump and the lasing light experience more attenuation in YDF. While more lasing power outputs from the coupler within forward pump setup because the FBG reflects signal light same direction with the pump propagation. Hence, if the YDF has low gain (i.e. shorter YDF), the backward pump owns more feedback and amplification; thus, the threshold power is lower than forward pump setup according to the simulation results. However, if the YDF has enough gain (i.e. longer YDF), the attenuation of the signal resulted from YDF in backward pump would decrease the output power and slope efficiency. Finally, the time domain characteristics of the two YRFLs are investigated. The time domain traces are measured and recorded by a 12 GHz detector (New Focus 1514B) and 8 GHz digital oscilloscope via the 1% port of the coupler both under 4.6 W pump power which is much higher than the lasing threshold. Fig. 7 (a) and (b) present the measured results. The insets in Fig. 7 show us the fast Fourier Transform (FFT) results of the time domain trace and there is no obvious longitudinal frequency signal corresponding to the fiber length (c/2nL 50 kHz). We should point out that the frequency resolution is 200 Hz, and the frequency scale range is 625 kHz.
Conclusion
In this paper, we report a 1053 nm YRFL with forward pump and backward pump methods. First, we develop a theoretical model based on the well-known Yb 3+ -doped fiber amplifier to calculate the power characteristics of our designed YRFL. According to the calculated results, the used fiber length is optimized. Then we experimentally demonstrate the laser with the two pump methods. The lasing threshold is measured as 1 W and 1.1 W and the optical conversion is 38% and 32%, respectively. All the experimental results are in accordance with the calculated consequences. The forward pump design shows relative better performance than the alternative. Moreover, the time domain characteristic of the laser is investigated, and the FFT results show that there is no longitudinal frequency signal corresponding to the fiber length, which means the laser operates as random fiber laser. This 1053 nm random fiber laser has potential to be implemented as fiber source in high energy and large scale laser facilities.
